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We compute the full O(αs) supersymmetric QCD corrections for neutralino-stop co-annihilation
into electroweak gauge and Higgs bosons in the Minimal Supersymmetric Standard Model (MSSM).
We show that these annihilation channels are phenomenologically relevant within the so-called phe-
nomenological MSSM, in particular in the light of the observation of a Higgs-like particle with a mass
of about 126 GeV at the LHC. We present in detail our calculation, including the renormalization
scheme, the infrared treatment, and the kinematical subtleties to be addressed. Numerical results
for the co-annihilation cross sections and the predicted neutralino relic density are presented. We
demonstrate that the impact of including the corrections on the cosmologically preferred region of
parameter space is larger than the current experimental uncertainty from WMAP data.
PACS numbers: 12.38.Bx,12.60.Jv,95.30.Cq,95.35.+d
I. INTRODUCTION
Many astrophysical observations over a wide range of
length scales provide today convincing evidence of a siz-
able Cold Dark Matter (CDM) component in the Uni-
verse. The most recent measurements of the WMAP
satellite in combination with baryonic acoustic oscilla-
tion and supernova data [1] constrain the dark matter
relic density to the very precise value of
ΩCDMh
2 = 0.1126 ± 0.0036 (1.1)
at 1σ confidence level, where h denotes the present Hub-
ble expansion rateH0 in units of 100 km s
−1Mpc−1. The
leading candidate for dark matter is a weakly interacting
massive particle (WIMP). Unfortunately, the Standard
Model does not contain any candidates that would be
compatible with the properties of cold dark matter, the
neutrinos being too light.
In contrast, the Minimal Supersymmetric Standard
Model (MSSM) with conserved R-parity contains with
the lightest neutralino, denoted χ˜01, a stable WIMP. Since
supersymmetry offers many other theoretical and phe-
nomenological advantages, the neutralino is by far the
most studied dark matter candidate. The time evolution
of its number density nχ is described by the Boltzmann
equation
dnχ
dt
= − 3Hnχ − 〈σannv〉
[
n2χ − (neqχ )2
]
, (1.2)
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where the first term on the right-hand-side containing the
Hubble parameter H stands for the dilution of dark mat-
ter due to the expansion of the Universe. The remaining
terms reduce (increase) the number of dark matter par-
ticles by their annihilation (creation) in collisions with
other particles. The term 〈σannv〉 denotes the thermal
average of the annihilation cross section of the neutralino
〈σannv〉 =
∫
σv e−E1/T e−E2/Td3p1d
3p2∫
e−E1/T e−E2/Td3p1d3p2
(1.3)
=
1
8m4TK22
(
m/T
) ∫ ∞
4m2
σ
(
s− 4m2)√sK1(√s/T )ds ,
where Ki are the modified Bessel functions of the second
kind of order i (for details see Ref. [2]).
Here we will consider the case when heavier, unstable
supersymmetric particles survive in the Universe for suf-
ficient time to affect the relic density of the dark matter
particle. In this case, Eq. (1.2) has to be modified to ac-
count for the interactions between all particles and solve
a system of Boltzmann equations for number densities ni
for each surviving particle species,
dni
dt
= − 3Hni − 〈σijvij〉
(
ninj − neqi neqj
)
, (1.4)
where σij ≡ σ(χiχj → X) is the cross section of the
annihilation of particle i with particle j, and vij is their
relative velocity. As all heavier particles eventually decay
into the dark matter particle, the relevant quantity is the
total number density nχ =
∑
i ni, and we can reformulate
the problem into solving a single Boltzmann equation
similar to Eq. (1.2) for the total number density with the
annihilation cross section 〈σannv〉 replaced by an effective
cross section 〈σeffv〉. More precisely, this cross section is
2given by
〈σeffv〉 =
∑
i,j
σijvij
neqi
neqχ
neqj
neqχ
, (1.5)
where the sum runs over all MSSM particles i and j (for
a detailed discussion see Refs. [3, 4]). The ratio of their
respective number density in thermal equilibrium, neqi ,
and the number density of the neutralino, neqχ , at the
temperature T is Boltzmann suppressed,
neqi
neqχ
∼ exp
[
−mi −mχ
T
]
, (1.6)
so that only particles, whose masses are almost degener-
ate with the one of lightest neutralino, can give sizable
contributions. In the MSSM, typical examples of relevant
co-annihilations are those of the neutralino with the light-
est slepton or squark, or with another gaugino. More-
over, pair annihilations of the next-to-lightest superpart-
ner can be non-negligible. Having solved the Boltzmann
equation numerically, the relic density is finally obtained
through
Ωχh
2 =
mχnχ
ρcrit
, (1.7)
where nχ is the current number density of the neutralino
and ρcrit is the critical density of the Universe. Com-
paring the predicted value obtained by solving the Boltz-
mann equation to the observational limits in Eq. (1.1) al-
lows one to identify cosmologically (dis-)favored regions
of the MSSM parameter space and thus to obtain im-
portant information that is complementary to collider
searches and precision measurements.
The procedure described above is unfortunately sub-
ject to several uncertainties. The first source of uncer-
tainty lies in the extraction of the relic density of CDM
from cosmological data as given in Eq. (1.1). The ex-
traction is based on a simple cosmological model, the
ΛCDM model, which uses a minimal set of six parame-
ters to fit the available cosmological data and bases its
conclusions on the Standard Model of cosmology [1]. It
has been shown that changing either the number of free
parameters of the model used to fit the cosmological data
[5] or modifying the assumptions contained in the Stan-
dard Model of cosmology (e.g., altering the expansion
rate in the primordial Universe or later, but still before
Big Bang Nucleosynthesis [6]), may change the extracted
central value of ΩCDMh
2 along with the confidence levels.
The second source of uncertainty in identifying (dis-)
favored regions of the MSSM parameter space is con-
nected to the calculation of the essential parameters such
as masses and couplings of supersymmetric particles. As
the relic density is very sensitive to the mass of the neu-
tralino (see Eq. (1.7)), any uncertainty in the calcula-
tion of its mass directly translates into an uncertainty on
the calculated relic density. Moreover, the relic density
also strongly depends on the (co-)annihilation cross sec-
tion, which in turn crucially depends on the masses of
the remaining particles and their couplings to the neu-
tralino. In the MSSM, the mass and the couplings of the
neutralino as well as any other relevant couplings and
masses are typically obtained using a dedicated spectrum
calculator (see, e.g., Ref. [7]), which evolves all parame-
ters down from a grand unification scale and calculates
the masses and couplings for all particles at the weak
scale. Different treatments of the radiative corrections
for masses and couplings as well as different implemen-
tations of the renormalization group equations in various
MSSM spectrum calculations can lead to differences in
the predictions for the relic density and thus in the pre-
ferred/excluded regions of the MSSM parameter space
(for details see, e.g., Ref. [8]).
The uncertainty which we will address in this paper
does not fall into either of the above mentioned cate-
gories, but concerns the precision, with which the (co-)
annihilation cross sections in Eq. (1.5) are computed.
The cross sections in public dark matter tools such as
DarkSUSY [9] or micrOMEGAs [10] are implemented us-
ing only an effective tree-level calculation. It is, how-
ever, well known that higher-order corrections, particu-
larly those involving the strong coupling constant, can
have a sizable impact on such processes. The impact of
next-to-leading order corrections to neutralino annihila-
tion on the neutralino relic density has been discussed
in several previous analyses. SUSY-QCD corrections to
neutralino pair annihilation into quark-antiquark pairs
have been studied in Refs. [11–13], while the correspond-
ing electroweak corrections have been evaluated in Refs.
[14–16]. The authors of Refs. [15, 16] have also discussed
the case of co-annihilation of a neutralino with another
gaugino. Further studies rely on effective coupling ap-
proaches in order to capture certain classes of corrections
to neutralino pair annihilation and co-annihilation with
a tau slepton [17, 18]. All these analyses show that radia-
tive corrections are not negligible in the context of relic
density calculations, the impact of the corrections being
larger than the experimental uncertainty from WMAP
in many regions of parameter space. With the Planck
satellite data providing more precise cosmological mea-
surements in the very near future, it becomes even more
pressing that theoretical predictions match the experi-
mental precision.
The important case of SUSY-QCD corrections to co-
annihilation of a neutralino with a scalar top has so far
only been considered in Ref. [19]. This study concerns
the very specific cases of co-annihilation of a bino-like
neutralino with a right-handed stop into a top quark and
a gluon as well as into a bottom quark and a W -boson.
However, depending on the considered region of param-
eter space, many other final states, including those with
other electroweak gauge and Higgs bosons, can become
dominant. Moreover, in realistic supersymmetric sce-
narios, helicity mixing in the stop sector is usually non-
negligible, as is the mixing of bino, wino, and higgsino
components in the lightest neutralino, which strongly
influences its couplings and preferred (co-)annihilation
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FIG. 1. Leading-order Feynman diagrams for neutralino-squark co-annihilation into a quark and a Higgs boson (φ =
h0,H0, A0,H±) or an electroweak gauge boson (V = γ, Z0,W±). The u-channel is absent for a photon in the final state.
channels. Therefore, we extend in this paper the analysis
of QCD and SUSY-QCD corrections to co-annihilation of
a neutralino with a stop by computing the general case of
neutralino-stop co-annihilation into a quark and a Higgs
or an electroweak vector boson. The paper is organized
as follows: In Sec. II, we first discuss the phenomenol-
ogy of neutralino-stop co-annihilation in the MSSM. We
then describe in detail the calculation of the radiative
corrections to the relevant processes in Sec. III. Numeri-
cal results for annihilation cross sections and dark matter
relic densities in typical MSSM benchmark scenarios are
presented in Sec. IV, and our conclusions are given in
Sec. V.
II. PHENOMENOLOGY OF
NEUTRALINO-STOP CO-ANNIHILATION
As discussed in Sec. I, the co-annihilation of the next-
to-lightest supersymmetric particle (NLSP) with the
lightest neutralino can in certain regions of the MSSM
parameter space become dominant and lead to a relic
density that is compatible with the observational limit
of Eq. (1.1). A particularly important example of such
an NLSP is the scalar top, whose chirality eigenstates
can mix significantly, e.g. when the trilinear coupling At
becomes large, and which can then have a lower mass
eigenstate that is almost mass-degenerate with the light-
est neutralino [20, 21].
There is ample motivation for a light scalar top. First,
a light stop is a necessary ingredient to achieve elec-
troweak baryogenesis in the MSSM [22]. Second, “natu-
ral” SUSY models [23, 24] require a light third genera-
tion of sfermions in order to reduce fine-tuning and stay
compatible with experimental constraints at the same
time. This is due to the fact that the mass degeneracy
between the lightest neutralino and NLSP weakens the
LHC exclusion potential on the third-generation squark
masses, since this degeneracy results in events with soft
jets [25, 26]. Third, interpreting the new boson with a
mass of about 126 GeV observed recently at the LHC [27–
29] as a light CP-even Higgs boson (h0) implies within the
MSSM a particular choice of parameters in the stop and
sbottom sector [30]. The reason is that in the MSSM the
lightest Higgs boson mass receives a large contribution
from a loop containing scalar tops. The leading contri-
bution to the mass coming from this loop together with
the tree-level contribution can be expressed as [31, 32]
m2h0 = m
2
Z cos
2 2β +
3g2m4t
8π2m2W
[
log
M2SUSY
m2t
+
X2t
M2SUSY
(
1− X
2
t
12M2SUSY
)]
, (2.1)
with Xt = At − µ/ tanβ and MSUSY = √mt˜1mt˜2 . The
maximal contribution from stop mixing is then obtained
for |Xt| ∼
√
6MSUSY, which favors a sizable trilinear cou-
pling At and consequently a rather light stop.
At tree level, the co-annihilation of a neutralino and
a stop into final states containing a quark and an elec-
troweak gauge or Higgs boson is mediated either by an
s-channel quark, a t-channel squark, or a u-channel neu-
tralino or chargino exchange. The corresponding Feyn-
man diagrams are depicted in Fig. 1. These processes
compete with all other possible (co-)annihilation chan-
nels of the lightest neutralino and in certain cases also
with stop pair annihilation.
In order to quantify the relative importance of the pro-
cesses in Fig. 1, we have performed a random scan in the
phenomenological MSSM. In the following we describe
the settings and discuss in detail the results of our scan.
According to the SPA convention [33] the soft-breaking
4FIG. 2. Relative contributions of the neutralino-stop co-annihilation channels for the generated parameter points as a function
of the input parameters M1, Mq˜3 , Tt, and tan β before (top) and after (bottom) applying the selection cuts of Eq. (2.3). Shown
are the contributions from th0 (red), tg (green), tZ0 (blue), tH0 (yellow), bW+ (cyan), tA0 (brown), bH+ (pink), and tγ (gray)
final states. The parameters M1, Mq˜3 , and Tt are given in GeV.
parameters are defined at the scale Q = 1 TeV. We
have made a few simplifying assumptions, which bring
the number of parameters down to eight. In the squark
sector, we use a common mass parameter Mq˜1,2 for the
squarks of the first and second generation, leaving the
common mass parameter Mq˜3 for the left- and right-
handed squarks of the third generation independent. In
contrast, the slepton sector is characterized by a single
mass parameter Mℓ˜ for all three generations. All trilin-
ear couplings are set to zero except for the At in the stop
sector, which enters our calculations through the relation
Tt = YtAt with the top Yukawa coupling Yt. All gaugino
masses are defined through the bino mass parameterM1.
The wino and gluino masses are then fixed by the rela-
tion 2M1 =M2 =M3/3, which is deduced from gaugino
mass unification at the GUT scale. Finally, the Higgs sec-
tor is specified by the pole mass mA of the pseudoscalar
Higgs boson, the higgsino mass parameter µ, as well as
the ratio tanβ of the two vacuum expectation values of
the Higgs doublets. In order to explore the parameter
space, we have randomly generated 1.2 million parame-
ter points within the following ranges for the eight input
parameters:
500 GeV ≤Mq˜1,2 ≤ 4000 GeV,
100 GeV ≤Mq˜3 ≤ 2500 GeV,
500 GeV ≤Mℓ˜ ≤ 4000 GeV,
|Tt| ≤ 5000 GeV,
200 GeV ≤M1 ≤ 1000 GeV, (2.2)
100 GeV ≤ mA ≤ 2000 GeV,
|µ| ≤ 3000 GeV,
2 ≤ tanβ ≤ 50.
For each set of parameters, the physical mass spectrum
and the related mixing matrices have been obtained us-
ing SPheno [7] (version 3.2.1). The neutralino relic den-
sity Ωχh
2 as well as the contributions from the individ-
ual (co-)annihilation channels have been computed using
micrOMEGAs (version 2.4.1). For the numerical values
of the Standard Model parameters we refer the reader to
Ref. [34]. For a substantial number of these scenarios,
co-annihilation of the lightest neutralino with a scalar
5M1 Mq˜1,2 Mq˜3 Mℓ˜ Tt mA µ tan β mχ˜0
1
mt˜1 mh0 mH0
I 306.9 2037.7 709.7 1499.3 1806.5 1495.6 2616.1 9.0 307.1 350.0 124.43 1530.72
II 470.6 1261.2 905.3 1963.2 1514.8 1343.1 725.9 18.3 467.3 509.4 124.06 1342.77
III 314.4 2870.5 763.6 2417.7 1877.5 386.0 2301.5 10.3 316.5 371.9 123.43 367.45
TABLE I. Three characteristic scenarios chosen in the pMSSM, which will be considered in this study. Given are the input
parameters as described in the text, the lightest neutralino mass mχ˜0
1
, the lightest stop mass mt˜1 , and the masses of the light
and heavy CP-even Higgs bosons mh0 and mH0 . All values except for tan β are given in GeV.
Ωχh
2 χ˜01 t˜1 → th0 χ˜01t˜1 → tH0 χ˜01t˜1 → tZ0 χ˜01t˜1 → bW+ Sum
I 0.114 38.5% – 3.4% 5.9% 47.8%
II 0.116 24.6% – 10.7% 3.4% 38.7%
III 0.111 14.2% 20.7% 1.2% 2.1% 38.2%
TABLE II. Neutralino relic density and relative contributions of neutralino-stop co-annihilation into a quark and a Higgs or
electroweak gauge boson for the characteristic scenarios of Tab. I. The last column gives the sum of the listed contributions.
top plays an important role. This can be seen in the
upper part of Fig. 2, where we show the relative contri-
butions of the different final states channels to the total
(co-)annihilation cross section as a function on the phe-
nomenologically most relevant input parameters.
Experimentally viable scenarios have to satisfy a num-
ber of additional constraints. We therefore impose the
following cuts on the neutralino relic density, the mass
of the lightest Higgs boson, and the inclusive branching
ratio of the most sensitive B-meson decay, b→ sγ:
0.0946 ≤ Ωχh2 ≤ 0.1306,
120 GeV ≤ mh0 ≤ 130 GeV, (2.3)
2.77 · 10−4 ≤ BR(b→ sγ) ≤ 4.33 · 10−4.
The first cut selects the points which match the observed
relic density of Eq. (1.1) within a 5σ confidence inter-
val. The second limit corresponds to a very conserva-
tive mass range for the new boson observed at the LHC
[27, 28]. Note that the theoretical uncertainty on the cal-
culation of the lightest Higgs boson mass within SPheno
is estimated to be about 3 GeV [7]. Finally, the lim-
its on the branching ratio of b → sγ correspond to a
3σ interval around the observed value of BR(b → sγ) =
(3.55± 0.26) · 10−4 [35]. The points selected in this way
are depicted in the lower part of Fig. 2, where we show
again the relative contribution of the different neutralino-
stop co-annihilation channels. Applying the experimen-
tal cuts described above reduces the density of the points,
but does not significantly change the shape of the distri-
butions. As can be seen, the statistically most impor-
tant final state is a top quark together with a light Higgs
boson, followed by top quark and a gluon, a heavy CP-
even Higgs boson, or a Z-boson. Comparable in size to
the latter channel is the co-annihilation into a bottom
quark and a W -boson, whereas final states including a
pseudoscalar Higgs boson, a charged Higgs boson, or a
photon are less important.
One viable option how to satisfy the relic density
bound and respect current exclusion limits from collid-
ers is that the lightest neutralino and the lightest scalar
top are almost mass degenerate. This is reflected in the
left and left-center columns of Fig. 2 where we can ob-
serve a strikingly similar dependence of fraction of co-
annihilation processes on the gaugino mass parameter
M1 and the third-generation squark mass parameterMq˜3 ,
which are largely responsible for the masses of neutrali-
nos and squarks of the third generation. For large values
of both parameters, co-annihilations cease to to be im-
portant and annihilations of stops take their place as the
dominating contribution of the total cross section.
In the right-center panel of Fig. 2 one can notice the in-
teresting feature that after applying the cut on the light-
est Higgs boson mass, large values of Tt are preferred and
the initially rather important percentage of top-gluon fi-
nal states is reduced. This is driven by the fact that
in contrast to the top-gluon final state, the Higgs bo-
son mass prefers a sizable trilinear coupling. Moreover,
positive values for Tt are slightly preferred, since they al-
low a better maximization of the Higgs boson mass [30].
This is well visible in the center-right column of Fig. 2,
where after applying the cuts two distinct ranges for the
trilinear coupling parameter Tt can be observed. These
large values also enhance the Higgs-squark-squark cou-
pling, which is present in the t-channel of the th0 final
state. Accordingly, this changes the relative importance
of the squark exchange with respect to the two other di-
agrams (quark or neutralino exchange, see Fig. 1). The
t-channel enhancement also leads to an almost univer-
sal dominance of co-annihilation into Higgs final states
in the scenarios considered here. In other words, the
same mechanism which drives the mass of the lightest
Higgs boson to the observed value through important
stop-loop contributions is responsible for the increase of
neutralino-stop co-annihilation into the lightest Higgs bo-
son together with a top quark.
A similar connection between parameters that we men-
tioned above forM1 andMq˜3 is found for Tt and the Higgs
parameter µ. After the cuts, large and positive values of
µ are preferred, which also enhances the Higgs-sfermion-
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FIG. 3. Contribution of the different diagrams (s-, t-, and u-channel) depicted in Fig. 1. For the studied scenarios of Tab.
I we show for selected co-annihilation channels the tree-level cross section as well as the contribution of the different squared
diagrams (ss, tt, uu) and the interference terms (st, su, tu).
sfermion coupling mainly for the heavy CP-even Higgs
with the same consequences as discussed above for large
values of Tt.
The dependence on tanβ, on the other hand, is gener-
ally less pronounced. For co-annihilation (mostly into top
quarks), lower values of tanβ are slightly preferred, since
bb¯ final states become more important for tanβ & 40 [11].
The influence of the remaining input parameters, such
as those related to first and second generation squarks,
sbottoms, and sleptons, as well as the higgsinos, is less
important in this context. Therefore the corresponding
dependencies are not displayed in Fig. 2.
For our numerical analysis, we have selected three char-
acteristic scenarios, which we introduce and discuss in the
following. They are listed in Tab. I and have been chosen
in such a way that they represent qualitatively different
scenarios (note, e.g., the differences inMq˜1,2 , mA, and µ)
and that they lead to different dominant co-annihilation
final states. As expected from Eq. (2.1), all three scenar-
ios feature rather important trilinear coupling parame-
ters Tt ∼ 1500− 1800 GeV. The selected values of tanβ
are moderate, so that neutralino pair annihilation into
bottom quarks is not important here. First and second
generation squarks and sleptons are heavy compared to
the stops in accordance with current LHC exclusion lim-
its [36, 37]. Moreover, the mass difference of the lightest
neutralino and the scalar top is about 50 GeV in each
scenario and thus sufficiently small. In Tab. II we list
the resulting values for the neutralino relic density, to-
gether with the contributions from the neutralino-stop
co-annihilation modes. These will be crucial to estimate
the impact of our calculations on the final relic density.
Scenario I is characterized by the dominant co-
annihilation into a top quark and a light Higgs boson. Fi-
nal states including a top quark and a Z-boson as well as
a bottom quark and aW -boson contribute as well, but to
a lesser extent. In total, neutralino-stop co-annihilation
with electroweak gauge and Higgs bosons final states ac-
counts for almost half of the annihilation cross section
at this example point. In order to understand which
diagrams of Fig. 1 are most important in this context,
we show in Fig. 3 the total tree-level cross sections of
7neutralino-stop co-annihilation into the dominant final
states for each characteristic scenario, together with the
individual contributions of the different squared diagrams
and interference terms. For the reasons discussed above,
the exchange of a scalar top in the t-channel is the domi-
nant mode at example point I, followed by its interference
with the exchange of a top quark in the s-channel (up-
per left plot). The squared s-channel is rather small, and
all other channels are even negligible in this parameter
configuration, so that they are not shown in Fig. 3.
In comparison to the first parameter point, scenario II
has a smaller µ-parameter, but a larger value of tanβ.
Moreover, the gauginos and third-generation squarks are
slightly heavier, and the trilinear coupling is slightly
lower than for scenario I. As a consequence, the relative
importance of the co-annihilation channels is altered, as
can be seen in Tab. II. In particular, the co-annihilation
into the lightest Higgs boson contributes less, allowing
the final state containing a Z-boson to become more im-
portant. In contrast to the co-annihilation into a Higgs
boson, the dominant diagram in this case is the exchange
of a top quark in the s-channel, as can be seen in Fig. 3
(lower left plot). For this scenario, we also show the
individual contributions of the three diagrams for co-
annihilation into a bottom quark and a W -boson (lower
right plot). As in the previous case, the s-channel is
the dominant mode. Its absolute cross section value is
even larger than for tZ0 due to the larger phase space.
However, large destructive interferences of this diagram
with the sub-leading t- and u-channels decrease its cross
section, so that the total value is almost an order of mag-
nitude smaller than for the Z-boson.
Finally, scenario III is quite similar to scenario I with
the exception of a very light pseudoscalar Higgs boson
of mA0 = 386 GeV. This leads to a similarly light heavy
CP -even Higgs boson H0 (see Tab. I). As a consequence,
the co-annihilation into heavy CP-even Higgs bosons in
association with a top quark is now open and becomes the
dominant contribution to neutralino-stop co-annihilation
(see Tab. II). The final state containing a light Higgs
boson remains important, while co-annihilations into Z-
and W -bosons are marginal for this parameter point.
As it was the case for the lightest Higgs boson, the co-
annihilation into tH0 is dominated by the exchange of a
scalar top in the t-channel (upper right plot of Fig. 3),
which is again due to the enhanced trilinear coupling.
The dominance is even more important here, which is
explained by the modified mixing in the Higgs sector due
to the smaller mass difference between h0 and H0.
III. ONE-LOOP CROSS SECTIONS
In this section, we turn to a detailed discussion of
our analytical calculations of the full QCD and SUSY-
QCD corrections to neutralino-stop co-annihilation into
electroweak gauge and Higgs bosons. We first describe
the computation of the virtual loop corrections and
the renormalization scheme employed in the quark and
squark sector, then the analytical evaluation of real gluon
emission diagrams and the corresponding cancellation of
infrared singularities with those encountered in the vir-
tual contributions. Finally, we address the subtle point
of intermediate on-shell particles and how we subtract
their resonant contributions.
A. Virtual corrections and renormalization
The co-annihilation processes considered in this paper
(see Fig. 1) include strongly interacting particles both
in the initial and final states. As a consequence, the
leading higher-order corrections to these processes come
from loop diagrams containing a gluon, a gluino, a four-
squark vertex, and from real radiation processes when
a gluon is emitted from one of the squarks or quarks.
The virtual corrections for the co-annihilation processes
contain propagator corrections, vertex corrections, and
box diagrams. The corresponding diagrams are shown in
Figs. 4, 5, and 6, respectively. The divergences in these
diagrams are regularized by performing the calculations
in D = 4−2ε dimensions. In order to preserve supersym-
metry in the process, we use the dimensional reduction
regularization scheme (DR). All tensor loop integrals are
reduced using the standard Passarino-Veltman reduction
[38]. The resulting scalar integrals are evaluated using
the known results in, e.g., Refs. [39, 40]. The renormal-
ization and factorization scales are set to the center-of-
mass energy
√
s. The amplitudes corresponding to the
Feynman diagrams in Figs. 4-6 have been calculated an-
alytically and cross-checked using the publicly available
tools FeynArts [41], FeynCalc [42], and Form [43].
In order to cancel all arising ultraviolet (UV) singu-
larities and render the cross section UV-finite, we intro-
duce counterterms to the relevant MSSM parameters and
fields. When considering QCD and SUSY-QCD correc-
tions to all processes that are needed to determine the
neutralino relic density, a consistent treatment of all pa-
rameters in the quark and squark sector of the MSSM
is essential. We introduce a hybrid on-shell/DR renor-
malization scheme which is set up in such a way that
it minimizes potential problems connected to sensitive
parameters (e.g. the bottom trilinear coupling Ab) and
is valid in a large region of MSSM parameter space.
We will introduce all parameters and their treatment
in detail below. We have explicitly verified that after
renormalization all UV divergences cancel. The result-
ing expressions together with the renormalization scheme
have been implemented in a numerical fortran code [44],
which can serve as an extension to public dark matter
tools such as DarkSUSY [9] and micrOMEGAs [10]. Similar
renormalization schemes for the quark and squark sec-
tors of the MSSM were already introduced and studied in
Refs. [45, 46]. Compared to those analyses, our approach
differs significantly in the treatment of the squark mix-
ing angles θb and θt, but shares some important features
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with the RS2 scheme introduced in Ref. [46].
1. Quark sector
The process of neutralino-stop co-annihilation consid-
ered here involves only quarks and squarks of the third
generation. We will therefore discuss only the case of
massive quarks. The parameters to be renormalized are
the quark fields and masses. We perform the wave-
function renormalization by introducing counterterms
δZL,R for each chirality of the third-generation quarks(
qL
qR
)
→
(
1 + 1
2
δZL 0
0 1 + 1
2
δZR
)(
qL
qR
)
. (3.1)
The wave-function renormalization constants are fixed
by requiring the external quark propagators to have unit
residue even at one-loop order. This leads to the follow-
ing expression for the massive quarks (q = t, b)
δZL = ℜ
{
−ΠL(m2q)−m2q
[
Π˙L(m
2
q) + Π˙R(m
2
q)
]
+
1
2mq
[
ΠSL(m
2
q)−ΠSR(m2q)
]
−mq
[
Π˙SL(m
2
q) + Π˙SR(m
2
q)
]}
, (3.2)
δZR = δZL(L↔ R) , (3.3)
where ΠL,R(k
2) and ΠSL,SR(k
2) stand for the vector and
the scalar parts of the two-point Green’s function as de-
fined in Ref. [47] and Π˙(m2) =
[
∂
∂k2Π(k
2)
]
k2=m2
.
After the wave-function renormalization has been per-
formed, we still have to renormalize the masses of the
quarks. Although both the top and bottom quark are
heavy, their properties are very different, and so is our
treatment of their masses. On the one hand, the top
quark does not form bound states and its physical mass is
directly measurable. Therefore in our calculation, we use
the physical (on-shell) top quark mass mt = 173.1 GeV.
This implies using the on-shell mass counterterm for the
top quark defined as
δmt =
1
2
ℜ
{
mt
[
ΠL(m
2
t ) + ΠR(m
2
t )
]
(3.4)
+ ΠSL(m
2
t ) + ΠSR(m
2
t )
}
.
On the other hand, the bottom quark forms hadrons
and its mass cannot be directly measured. Convention-
ally a mass parameter mb(mb) is extracted in the MS
renormalization scheme from the Standard Model analy-
sis of Υ sum rules [48]. In order to obtain the appropri-
ate bottom quark mass in the DR renormalization scheme
within the MSSM, we first use the Standard Model next-
to-next-to-leading order (NNLO) renormalization group
evolution to obtain the mass of the bottom quark at a
scale Q [49]. We then convert the MS massmMS, SMb (Q) to a
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mass in the DR renormalization scheme mDR, SMb (Q) while
still in the Standard Model [49]. Finally we apply the
threshold corrections including also contributions from
SUSY particles in the loop (denoted by ∆mb)
mDR, MSSMb (Q) = m
DR, SM
b (Q)−∆mb . (3.5)
The corresponding counterterm contains the pole in ε =
(4−D)/2 and can be written as
δmDRb
mb
= (−2)αsCF
4π
cε
ε
, (3.6)
where we factored out the constant cε = Γ(1 + ε)(4π)
ε.
One prominent place where the quark masses enter the
calculation is through the Yukawa couplings of the Higgs
bosons to the quarks. Especially the Yukawa couplings
of the bottom quark were extensively studied in the de-
cays of Higgs bosons in the Standard Model. Important
QCD and top-quark induced corrections to the coupling
of Higgs bosons to bottom quarks were calculated up to
O(α4s) [50] and can be used to define an effective Yukawa
coupling which includes these corrections as[(
hMS,QCD,Φb
)
(Q)
]2
=
[(
hMS,Φb
)
(Q)
]2[
1+∆QCD+∆
Φ
t
]
, (3.7)
for each Higgs boson Φ = h0, H0, A0. The QCD correc-
tions ∆QCD are explicitly given by
∆QCD =
αs(Q)
π
CF
17
4
+
α2s(Q)
π2
[
35.94− 1.359nf
]
+
α3s(Q)
π3
[
164.14− 25.77nf + 0.259n2f
]
(3.8)
+
α4s(Q)
π4
[
39.34− 220.9nf + 9.685n2f − 0.0205n3f
]
,
and the top-quark induced corrections ∆Φt for each Higgs
boson Φ read
∆ht = ch(Q)
[
1.57− 2
3
log
Q2
m2t
+
1
9
log2
m2b(Q)
Q2
]
, (3.9)
∆Ht = cH(Q)
[
1.57− 2
3
log
Q2
m2t
+
1
9
log2
m2b(Q)
Q2
]
,
(3.10)
∆At = cA(Q)
[
23
6
− log Q
2
m2t
+
1
6
log2
m2b(Q)
Q2
]
, (3.11)
with
{
ch(Q), cH(Q), cA(Q)
}
=
α2s(Q)
π2
{ 1
tanα tanβ
,
tanα
tanβ
,
1
tan2 β
}
. (3.12)
We take into account these corrections excluding the one-
loop part as it is provided consistently through our own
calculation.
In the MSSM, the Yukawa coupling to bottom quarks
can receive large corrections for large tanβ or large Ab,
even beyond the next-to-leading order, which can affect
our analysis. Therefore, in addition, we include these
corrections that can be resummed to all orders in pertur-
bation theory [51, 52]. Denoting the resummable part by
∆b we redefine the bottom quark Yukawa couplings as
hMSSM,hb (Q) =
hMS,QCD,hb (Q)
1 + ∆b
[
1− ∆b
tanα tanβ
]
, (3.13)
hMSSM,Hb (Q) =
hMS,QCD,Hb (Q)
1 + ∆b
[
1 + ∆b
tanα
tanβ
]
, (3.14)
hMSSM,Ab (Q) =
hMS,QCD,Ab (Q)
1 + ∆b
[
1− ∆b
tan2 β
]
. (3.15)
In the same way as for the QCD corrections, we exclude
the one-loop part of these SUSY-QCD corrections and
include only the resummed remainder, since the one-loop
part is already present in our calculation.
2. Squark sector
As in the above discussion for quarks, we will address
here only the squarks of the third generation, i.e. stops
and sbottoms. We work in the mass eigenstate basis
and introduce the wave-function renormalization coun-
terterms δZij through
q˜i →
(
δij +
1
2
δZij
)
q˜j , (3.16)
where in contrast to the case of quarks the δZij include
also off-diagonal terms. The wave-function renormaliza-
tion counterterms are again fixed by requiring that the
squark propagators have unit residue also at one-loop
10
level. In addition we require that mixing for on-shell
squarks is absent. These conditions lead to the counter-
terms
δZii = −ℜ
[
Π˙q˜ii(m
2
q˜i)
]
, (3.17)
δZij =
2ℜ [Πq˜ij(m2q˜j )]
m2q˜i −m2q˜j
, for i 6= j , (3.18)
where Πq˜ij(k
2) are again the two-point Green’s functions,
this time for squarks.
The renormalization of the squark masses is compli-
cated due to the mixing of squarks of the third genera-
tion. Therefore, it has to be discussed in conjunction with
the renormalization of all other parameters in the squark
sector appearing in the mass matrix. At tree-level, the
masses m2q˜i for stops and sbottoms are obtained by diag-
onalization of the mass matrix
U q˜
(
M2
Q˜
+ (I3Lq −eq s2W ) cos 2β m 2Z +m2q mq
(
Aq − µ (tanβ)−2I
3L
q
)
mq
(
Aq − µ (tanβ)−2I
3L
q
)
M2
{U˜, D˜}
+ eq s
2
W cos 2βm
2
Z +m
2
q
)
(U q˜)† =
(
m2q˜1 0
0 m2q˜2
)
, (3.19)
where eq is the fractional charge of the squark in units
of e, sW is the sine of weak mixing angle, I
3L
q is the
weak isospin of the squark, and U q˜ are the squark mix-
ing matrices. As it is well known, we have to consider
both the stop and the sbottom sector at the same time,
since due to SU(2) symmetry the mass matrices share a
common soft breaking parameterM2
Q˜
connecting the two
sectors. In fact, out of the total set of eleven parameters
M2
Q˜
,M2
U˜
,M2
D˜
, At, Ab, θt˜, θb˜,m
2
t˜1
,m2
t˜2
,m2
b˜1
, and m2
b˜2
, only
five are completely independent and can be considered
as input parameters. Their counterterms can then be
freely chosen. The remaining parameters are derived by
requiring that Eq. (3.19) is valid even at one-loop order.
Here, we adopt a hybrid on-shell/DR renormal-
ization scheme choosing as input the parameters
At, Ab,m
2
t˜1
,m2
b˜1
, and m2
b˜2
, where the trilinear couplings
At, Ab are defined in the DR renormalization scheme and
all input masses are defined on-shell. This choice is mo-
tivated by the fact that we want to obtain a renormal-
ization scheme which is applicable for all annihilation
and co-annihilation processes, where squarks play an im-
portant role. For example, as the co-annihilation pro-
cesses are extremely sensitive to the mass of the lightest
stop and as this mass also plays an important role in
the t-channel exchange of neutralino annihilations [13],
we choose to include its mass in the input parameters.
It is then crucial to take its physical/on-shell defini-
tion. Moreover, due to the appearance of the trilinear
parameters At, Ab in the important Higgs-squark-squark
coupling in the co-annihilation processes, it is a natural
choice to include them in our input set as well. Given the
possible problems with the one-loop definition of the Ab
parameter widely discussed in the literature [46, 53, 54],
we choose to define both trilinear parameters in the DR
scheme. A different approach would be to define these
parameters in the on-shell scheme, e.g. through the de-
cay process of a squark into a squark and a Higgs boson
[45]. This, however, would require a dedicated treatment
of the infrared divergences arising in such a calculation.
Having explained above our choice of renormalization
scheme, we must now specify the counterterms for the in-
put parameters depending on their definition. The coun-
terterms for the on-shell masses m2
t˜1
,m2
b˜1
, and m2
b˜2
are
defined in the usual way as
δm2q˜i = ℜ
[
Πq˜ii(m
2
q˜i)
]
. (3.20)
The DR counterterms of the trilinear parameters contain
only the UV poles and can be given in terms of other DR
counterterms as
δADRq˜ =
1
mq
[
U q˜11U
q˜
12(δm
2
q˜1)
DR + U q˜21U
q˜
22(δm
2
q˜2 )
DR
+
(
U q˜21U
q˜
12 + U
q˜
11U
q˜
22
)(
m2q˜1 −m2q˜2
)
δθDRq˜
− δm
DR
q
mq
(
U q˜11U
q˜
12m
2
q˜1 + U
q˜
21U
q˜
22m
2
q˜2
)]
. (3.21)
The remaining DR counterterms for squark masses and
their mixing angle are given as (for j 6= i; for the quark
mass counterterm see Eq. (3.6))
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(δm2q˜i)
DR =
αsCF
4π
cε
ε
[(
(U q˜i1)
2 − (U q˜i2)2
)2
m2q˜i −m2q˜i +
(
U q˜21U
q˜
11 − U q˜22U q˜12
)2
m2q˜j + 8mqmg˜ U
q˜
i1U
q˜
i2 − 4m2g˜ − 4m2q
]
,
δθDRq˜ =
αsCF
4π
cε
ε
1
(m2q˜1 −m2q˜2)
[(
U q˜21U
q˜
11 − U q˜22U q˜12
)((
(U q˜11)
2 − (U q˜12)2
)2
m2q˜1 +
(
(U q˜21)
2 − (U q˜22)2
)2
m2q˜2
)
+4mg˜mq
(
U q˜11U
q˜
22 + U
q˜
12U
q˜
21
)]
. (3.22)
The values of the dependent parameters
M2
Q˜
,M2
U˜
,M2
D˜
,m2
t˜2
, θt˜, and θb˜ are determined using
Eq. (3.19). For example, by taking a trace and a deter-
minant of both sides of Eq. (3.19) for stops and sbottoms,
we can relate the four parameters M2
Q˜
,M2
U˜
,M2
D˜
, and
m2
t˜2
to the on-shell sfermion masses and the other
parameters of the mass matrix such as µ or tanβ, which
do not receive any QCD corrections and hence do not
require renormalization. Having determined all mass
parameters, we diagonalize the stop and sbottom mass
matrices leading to the values of both mixing matrices.
The eigenvalues are then the chosen on-shell masses and
by construction the dependent mass m2
t˜2
.
The counterterms of the dependent parameters are de-
rived also from the defining Eq. (3.19). We do not give
counterterms for M2
Q˜
,M2
U˜
,M2
D˜
as they never appear in
any vertex. Unlike in other analyses where the mixing
angles are the input parameters and their counterterms
are, e.g., given as a combination of wave-function renor-
malization constants [47], here both mixing angles θt˜ and
θb˜ are dependent and have the counterterms
δθq˜ =
1(
U q˜21U
q˜
12 + U
q˜
11U
q˜
22
)(
m2q˜1 −m2q˜2
)(δmq(Aq − µ (tanβ)−2I3Lq )+mq δAq − U q˜11U q˜12(δm2q˜1 − δm2q˜2)) . (3.23)
In the case of the stop mixing matrix this counterterm includes the last remaining undetermined counterterm of the
mass of the heavy stop quark
δm2t˜2 =
1
U t˜21U
t˜
12
[(
U t˜21U
t˜
12 + U
t˜
11U
t˜
22
)(
(U b˜11)
2δm2
b˜1
+ (U b˜21)
2δm2
b˜2
+ 2U b˜11U
b˜
21
(
m2
b˜1
−m2
b˜2
)
δθb˜ − 2mbδmb
−(U t˜11)2δm2t˜1 + 2mtδmt
)
− 2U t˜11U t˜21
(
δmt
(
At − µ/ tanβ
)
+mt δAt − U t˜11U t˜12δm2t˜1
)]
. (3.24)
This concludes our discussion of our renormalization
scheme. We have discussed in detail the definition and
renormalization of every relevant parameter in the quark
and squark sector. By a clever choice of parameters we
obtain a renormalization scheme which works in large
parts of the relevant parameter space of the MSSM for all
annihilation and co-annihilation processes where quarks
and squarks play an crucial role.
B. Real corrections and infrared treatment
Including only the virtual corrections with the renor-
malization constants does not lead to a finite result as
some diagrams where a gluon is exchanged lead to a dif-
ferent type of divergence - the infrared (IR) divergence.
These divergences cancel against similar divergences that
come from the real radiation corrections where a gluon
is emitted from one of the quarks or squarks, see dia-
grams in Fig. 7. The cancellation of these divergences is
not as straightforward as in the case of ultraviolet diver-
gences discussed above. It is because the IR divergence
in the virtual diagrams can be explicitly isolated again
by working in a general dimension D, whereas the diver-
gence in the real corrections comes from the phase-space
integration over the gluon phase-space.
Several approaches exist in order to cancel these di-
vergences, most notably the so-called phase-space slicing
method [55–57] or the dipole subtraction method [58].1
Here we use the phase-space slicing method which uses a
lower cut on the gluon energy ∆E in the phase-space
integration to render the real corrections finite. The
missing divergent piece of the phase-space integral can
1 The implementation of a dedicated dipole subtraction method a`
la Catani-Seymour [58] is work in progress and subject to a later
publication.
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FIG. 7. Real gluon emission diagrams at one-loop level contributing to neutralino-squark co-annihilation into quarks and Higgs
(φ) or electroweak gauge (V ) bosons. The last diagram involving the four-vertex is absent for a scalar in the final state.
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FIG. 8. Real gluon emission diagrams with a Wb final state where an internal top quark can become on-shell, as indicated by
a double line.
be performed analytically in the limit of small energy of
the gluon - the so-called soft-gluon approximation. Di-
vergences obtained in the soft-gluon approximation then
cancel analytically with those coming from the virtual
corrections. In the soft-gluon approximation the phase-
space integration factorizes as(
dσ
dΩ
)
soft
= F ×
(
dσ
dΩ
)
tree-level
, (3.25)
where F contains the integral over the phase-space of
the gluon and therefore also the divergence. Explicitly,
F contains integrals of the form
Iab = µ
4−D
∫
|~k|≤∆E
dD−1k
(2π)D−4
1
k0
(a.b)
(k.a)(k.b)
, (3.26)
where k is the 4−momentum of the gluon and a and b
are 4−momenta of two external particles which can emit
a gluon. These integrals are given in Ref. [57, 59]. In
our case we use dimensional regularization to obtain an
explicit form of the divergence.
The phase-space slicing method introduces a cut ∆E
to separate the divergent part of the phase-space. It ap-
pears in the original real corrections as a lower limit on
the integration over the energy of the gluon and also ex-
plicitly in the cross section calculated in the soft-gluon
approximation. In principle the dependence on this cut
should completely vanish, but in practice the cancella-
tion is limited by the stability of numerical integration
of the real corrections. For practical purposes one has to
choose a value for the cut such that it is small enough
for the soft-gluon approximation to be valid in the region
of phase-space given by |~k| ≤ ∆E, but at the same time
large enough for the numerical integration of the real cor-
rection to be still possible. We have verified that in our
calculation all cross sections are insensitive to the choice
of this cut.
C. On-shell propagators
While including next-to-leading order corrections to
the studied neutralino co-annihilation processes, we have
to take care of a few subtleties. Some processes, al-
though well defined and separate at tree-level, cannot
be unambiguously defined and separated when NLO cor-
rections are considered. One such example is the process
χ˜01t˜1 → bW . Here, additional gluon radiation can be
taken to be a real correction to the Wb process. How-
ever, it can equally well be considered to be neutralino-
stop co-annihilation with a gluon and a top quark in the
final state where the top decays into a W -boson and a
bottom quark. Despite the fact that these processes can-
not be separated at NLO and one should strictly speaking
include also their interference, for practical purposes it is
desirable to find a way how to separate them.
Due to the above mentioned complication, one has to
treat the process χ˜01t˜1 → bWg with care as it contains
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FIG. 9. Contribution of the different corrections to the total next-to-leading order correction for the case of co-annihilation
into th0 for scenario I and into tZ0 for scenario II. The real contribution σreal is defined as the sum of the hard radiation and
the soft gluon part with a cut on the gluon energy of ∆E = 10−3
√
s. The gray area indicates the thermal distribution (in
arbitrary units).
a top quark propagator which can become on-shell. At
tree-level the large masses of the neutralino and the scalar
top quark prevent the internal top quark to be on-shell.
In contrast, when an additional gluon is radiated either
from the initial stop or the internal top-quark propaga-
tor, the gluon can carry away enough energy for the top
propagator to become on-shell. The relevant diagrams
where this can occur are shown in Fig. 8. We regularize
the appearing divergence from the on-shell propagator by
introducing a width Γt for the top quark in the problem-
atic propagators, leading to a finite result for the inte-
grated matrix elements for the real gluon emission. The
matrix element when integrated over the whole phase-
space is very large as it includes also the leading order
co-annihilation process χ˜01t˜1 → tg with the top quark
decaying into W+b. This process is, however, already
accounted for in the calculation of the neutralino relic
density. To avoid double-counting, we need to separate
the two processes.
In order to treat the double-counting in the real cor-
rection contribution, we use a local on-shell subtraction
scheme [60–62], in which a locally gauge invariant term is
subtracted from the original cross section that has been
regularized as discussed above. The subtraction term is
defined as the squared resonant amplitude with the top
quark being on-shell, except for the propagator denomi-
nator, which is kept as a general Breit-Wigner function
∣∣Msub2→3∣∣2 = m2tΓ2t(p2t −m2t )2 +m2tΓ2t |Mres2→3|2p2t=m2t . (3.27)
When the top quark is exactly on-shell, the subtraction
term is equal to the full 2 → 3 matrix element, while
it decreases as a Breit-Wigner distribution when the top
quark moves away from its pole. This method has the
advantage that the resulting cross section retains the non-
resonant interferences of the two processes. We have
checked that the total cross section after subtraction is
independent of the top quark width.
Other diagrams with different final states can also in-
clude on-shell propagators but for most of them only in
very specific configurations, e.g., mass degeneracy be-
tween t˜1 and t˜2 or between t˜1 and b˜1. Those cases are
not relevant for our study of χ˜01 t˜1 co-annihilation.
Another numerical instability arises from the fact that,
in case of co-annihilation into quark and photon, also the
external photon of the real emission subprocess χ˜0nq˜i →
qgγ may become soft in certain regions of phase space,
rendering the numerical integration unreliable. This is-
sue can be addressed by introducing a cut-off on the pho-
ton energy in order to exclude the corresponding part
of the phase space. This soft behavior (and the asso-
ciated cut-off dependence) would vanish when including
also electroweak corrections, which is, however, beyond
the scope of this work. Moreover, as we have seen in
Sec. II, the impact of this process in the scenarios con-
sidered in the present work is negligible.
D. Numerical results
Let us now discuss in detail the impact of the one-loop
corrections on the co-annihilation cross sections in our
three scenarios of Tab. I. We have calculated radiative
corrections to two types of processes, one with a Higgs
boson and one with a vector boson in the final state. We
have seen that at tree-level the processes with the Higgs
boson final state are dominated by a t-channel stop ex-
change, whereas the processes with a gauge vector boson
are a mixture of all possible contributions (see Fig. 3).
These different compositions of the cross sections influ-
14
1.0
2.0
3.0

혷 
(ퟣ
ퟢ−
ퟪ  
햦햾
햵−
ퟤ )
횝횛횎횎 (홼홾 /횝횛횎횎)
홼홾   (홽홻홾 /홼홾)
홽홻홾  (홽홻홾 /횝횛횎횎)
0 100 200 300 400
혱혤혮 (GeV)
0.7
1.0
1.3
re
l.
co
rr
̃
ퟢ
ퟣ ̃혵ퟣ →혵혩ퟢ  (Scenario I)
1.0
2.0
3.0
4.0

혷 
(ퟣ
ퟢ−
ퟪ  
햦햾
햵−
ퟤ )
횝횛횎횎 (홼홾 /횝횛횎횎)
홼홾   (홽홻홾 /홼홾)
홽홻홾  (홽홻홾 /횝횛횎횎)
0 100 200 300 400 500
혱혤혮 (GeV)
0.8
1.0
1.2
re
l.
co
rr
̃
ퟢ
ퟣ ̃혵ퟣ →혵혏 ퟢ (Scenario III)
0.5
1.0
1.5
2.0

혷 
(ퟣ
ퟢ−
ퟫ  
햦햾
햵−
ퟤ )
횝횛횎횎 (홼홾 /횝횛횎횎)
홼홾   (홽홻홾 /홼홾)
홽홻홾  (홽홻홾 /횝횛횎횎)
0 100 200 300 400 500
혱혤혮 (GeV)
0.8
1.0
1.2
re
l.
co
rr
̃
ퟢ
ퟣ ̃혵ퟣ →혵혡 ퟢ (Scenario II)
1.0
3.0
5.0
7.0

혷 
(ퟣ
ퟢ−
ퟣퟢ
 햦
햾햵
−ퟤ
) 횝횛횎횎 (홼홾 /횝횛횎횎)
홼홾   (홽홻홾 /홼홾)
홽홻홾  (홽홻홾 /횝횛횎횎)
0 100 200 300 400 500
혱혤혮 (GeV)
0.8
1.0
1.2
re
l.
co
rr
̃
ퟢ
ퟣ ̃혵ퟣ →혣혞+  (Scenario II)
FIG. 10. Tree-level (black dashed line), full one-loop (blue solid line) and micrOMEGAs (orange solid line) cross sections for
selected co-annihilation channels in the scenarios of Tab. I. The upper part of each plot shows the absolute value of σv together
with the thermal distribution (in arbitrary units), whereas the lower part shows the corresponding relative shifts (second item
in the legend).
ence also the impact of various types of loop corrections
which are displayed in Fig. 9. This figure shows a break
down of the total next-to-leading correction to the cross
section σv (without the tree-level contribution) into sev-
eral UV finite contributions for both types of processes,
χ˜01t˜1 → th0 (scenario I) and χ˜01t˜1 → tZ0 (scenario II).
Even though all contributions are UV finite, the box,
vertex and real part of the correction are still IR diver-
gent. This leads to a certain ambiguity in their exact
definition. Each contribution contains an uncancelled
pole along with an uncancelled logarithm of the large
factorization scale. These large logarithms cause the box
contribution to be artificially large and drive the real cor-
rections (which in our case is a sum of the soft-gluon part
and the hard radiation) to be negative.
Comparing the different loop contributions for the
scalar and vector boson final states, one notices that the
box and propagator corrections in the case of the Higgs
boson final states are enhanced. This can be traced back
to the fact that the cross section with a Higgs boson in
the final state is dominated by the t-channel exchange.
One of the loop corrections to the t-channel entails a cor-
rection to the stop propagator and a box diagram where
a gluon is exchanged between the final state quark and
the initial state squark. The enhanced box and propa-
gator corrections lead to a large overall NLO correction
in the case of the co-annihilation cross section with the
Higgs boson.
We show the cross sections of the respectively most
relevant channel in each scenario in Fig. 10 and compare
our tree-level calculation, the effective tree-level calcula-
tion implemented in micrOMEGAs and our full one-loop
calculation. The upper parts show the cross sections σv,
while the lower panels show the ratio between the differ-
ent cross sections.
For scenario I, where we show the channel χ˜01 t˜1 → th0,
we have numerical agreement between our tree-level and
the micrOMEGAs calculation. The one-loop contributions
increase the cross section by about 30% caused by the
large contribution from the box diagrams and propaga-
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tor corrections as discussed above. We observe a similar
behavior for scenario III, where the final state with a
heavy Higgs boson H0 is dominant. Here, the one-loop
cross section lies about 18 – 20% above the tree-levels,
which again agree well among each other.
In case of co-annihilation into a quark and an elec-
troweak gauge boson, there is a few percent difference be-
tween our tree-level and the one provided by micrOMEGAs.
This difference stems from the fact that both tree-levels
use different parameters. Our tree-level uses input pa-
rameters defined through the renormalization scheme dis-
cussed in detail in Sec. III A. It differs in several points
from the parameters used by micrOMEGAs. More pre-
cisely, the shift between the two tree-levels is largely
due to a different definition of the squark mixing angles,
which enter the calculation through the different interac-
tions between squarks and quarks, e.g., the neutralino-
squark-quark vertex.
The different influence of various definitions of the
mixing angle on the two classes of processes we have
calculated can be understood as follows: In the case
of the Higgs boson final state, which is dominated by
a squark-exchange in the t-channel, the mixing angle
θt˜ enters the squark-squark-Higgs and the neutralino-
squark-quark vertices. The internal propagator has to
be summed over the two possible squark mass eigen-
states, t˜1 and t˜2, making the result less sensitive to the
exact value of the mixing angle. For the s-channel dom-
inated co-annihilation into tZ0 or bW+, the situation is
quite different. Here, the mixing angle appears in a sin-
gle neutralino-squark-quark vertex, where the external
squark is “fixed” to be t˜1. The corresponding matrix ele-
ment is therefore rather sensitive to changes in the mixing
angle, which explains the observed difference between the
two tree-level curves.
IV. IMPACT ON THE NEUTRALINO RELIC
DENSITY
The main purpose of this analysis is to investigate the
impact of higher order corrections on the neutralino relic
density.
Our numerical implementation of the calculation de-
scribed in Sec. III is used as an extension to the public
package micrOMEGAs in order to evaluate the effect of the
one-loop corrections on the neutralino relic density. We
stress that our implementation is general so that it can
be used for any neutralino-sfermion co-annihilation pro-
cess, even if we focus in this study on the case of χ˜01t˜1,
which is the most relevant process of this kind within the
MSSM. Our numerical code is linked to micrOMEGAs in
such a way that all relevant parameters, i.e. the masses
and mixings of all particles, are passed between the two
codes in a consistent way. In particular, we use SPheno
to compute the supersymmetric mass spectrum for our
characteristic scenarios as described in Sec. II.
In this section we compare the neutralino relic density
obtained from the three different cross section calcula-
tions, which have been described in Sec. III: the one used
by default in micrOMEGAs, evaluated by CalcHEP [63] at
tree-level, our cross section at tree-level, and our calcula-
tion including the full next-to-leading order SUSY-QCD
corrections. The impact of the corrections compared to
the tree-level results is studied for the three scenarios
defined in Tab. I.
First, we focus on scenario I. We study the change of
the relic density when a single input parameter is varied
around our scenario I. In Fig. 11, we show Ωχh
2 as a
function of the bino mass parameter M1 and the trilin-
ear coupling parameter Tt, calculated on the basis of the
aforementioned three calculations for the neutralino-stop
co-annihilation. It is clearly visible that the relic density
is very sensitive to variations of the bino mass param-
eter. For higher values of M1 the predicted relic den-
sity decreases rapidly due to a smaller mass splitting be-
tween the lightest neutralino and the lightest stop, which
enhances the neutralino-stop co-annihilation and in addi-
tion the stop-stop annihilation. In contrast, slightly lower
values for the bino mass parameter increase the mass dif-
ference and suppress the contribution of co-annihilation
processes in favor of neutralino-neutralino annihilation.
The predicted relic density is then higher due to the ab-
sence of co-annihilation. Within the area which is fa-
vored by the measurements of WMAP, where the studied
neutralino-stop coannihilation is dominant, a clear shift
of the predicted relic density is visible when going from
the default value calculated by micrOMEGAs to the one
calculated using our full next-to-leading order result.
The impact of the presented SUSY-QCD corrections
to the given neutralino-stop co-annihilation processes
is even better visible in the lower part of Fig. 11,
where we show the relative correction, i.e. the ratio of
the relic density calculated with our full one-loop co-
annihilation cross section to the one included by default
in micrOMEGAs and our tree-level, respectively. For sce-
nario I, our calculations result in a relative correction of
about 9%. This can be explained by the lightest Higgs
final state, which has a contribution of around 38.5%
to the total (co-)annihilation cross section with a corre-
sponding correction of around 30% (see Fig. 10). With
the current experimental uncertainty of about 3% accord-
ing to Eq. (1.1), the impact of the presented corrections is
significant and thus important to be taken into account.
The relic density is less sensitive to varying the trilin-
ear coupling parameter Tt around the value in scenario
I (Tt = 1806.5 GeV). This is depicted on the right-hand
side of Fig. 11. Here, the difference between the uncor-
rected and corrected relic density in the cosmologically
favored region corresponds to a difference of 3 GeV in
the parameter Tt.
One can infer more about the impact of the full next-
to-leading order corrections in scenario I when looking at
the first row of Fig. 13. On the left, the WMAP favored
region is shown as a function of two parameters - the
mass parameter of the third generation of squarks Mq˜3
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FIG. 11. The neutralino relic density Ωχh
2 as a function of M1 (left) and Tt (right) in our scenario I calculated using different
co-annihilation cross sections: default micrOMEGAs (orange solid line), tree-level (black dashed line), and full one-loop (blue
solid line). The gray band indicates the favored range according to Eq. (1.1). The lower part shows the relative impact of the
one-loop correction on the relic-density compared to the tree-level calculation (second item in the legend).
0.1
0.2
0.3
0.4
 햢
햣햬
혩ퟤ
혩 ퟤ홼홾
혩 ퟤ홽홻홾−횑  (혩 ퟤ홽홻홾−횑 / 혩 ퟤ홼홾)
혩 ퟤ홽홻홾−횉  (혩 ퟤ홽홻홾−횉 / 혩 ퟤ홼홾)
895 900 905 910 915
혔혲̃ퟥ  (GeV)
0.9
1.0
re
l.
co
rr
.
Scenario II
0.09
0.11
0.13
0.15
 햢
햣햬
혩ퟤ
혩 ퟤ홼홾
혩 ퟤ홽홻홾−횑  (혩 ퟤ홽홻홾−횑 / 혩 ퟤ홼홾)
혩 ퟤ홽홻홾−횉  (혩 ퟤ홽홻홾−횉 / 혩 ퟤ홼홾)
1505 1510 1515 1520 1525
혛혵 (GeV)
0.9
1.0
re
l.
co
rr
.
Scenario II
FIG. 12. The neutralino relic density Ωχh
2 as a function of Mq˜3 (left) and Tt (right) in our scenario II calculated using different
co-annihilation cross sections: default micrOMEGAs (orange solid line), one-loop correction only for the th0 final state (blue
solid line), and one-loop correction only for the tZ0 final state (blue dashed line). The gray band indicates the favored range
according to Eq. (1.1). The lower part of the figure shows the relative impact of the one-loop correction on the relic-density
compared to micrOMEGAs (second item in the legend).
and the bino mass parameter M1. In the same plot solid
black contour lines denote the relative impact of our cor-
rection to the default micrOMEGAs relic density. As the
co-annihilation into the lightest Higgs is the dominant
contribution to the total (co-)annihilation cross section
around the WMAP-favored region in this scenario, and
as it receives large corrections, a relative correction of up
to 9% on the relic density is observed. The correction
is larger than current experimental uncertainties, which
results in two separated WMAP-favored 1σ-bands corre-
sponding to the default micrOMEGAs calculation (orange)
and our full one-loop SUSY-QCD calculation (blue).
The cosmologically allowed band follows a straight line
in the M1-Mq˜3 plane corresponding to a constant mass
difference between the lightest neutralino and the light-
est stop of about 40 GeV. Above this band where the
neutralino becomes heavier and the mass difference de-
creases, the stop-stop annihilation becomes dominant.
As it has typically a significant higher cross section than
the co-annihilation, it leads to a relic density which is
too small. For large values ofM1 (in the gray area in the
upper left corner) the stop becomes the lightest super-
symmetric particle, which is disfavored as a suitable dark
matter candidate both for its electric and color charge.
In the opposite direction, below the allowed band,
the neutralino-stop and stop-stop (co-)annihilation are
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FIG. 13. WMAP-compatible relic density bands from the default micrOMEGAs calculation (orange) and our one-loop calculation
for co-annihilation (blue) in the (Mq˜3 ,M1) (left) and (Tt,M1) (right) planes. In the plots on the left hand side the relative
contribution of co-annihilation processes is shown in green contour, and the relative impact of the one-loop corrections on the
relic density in black lines. The plots on the right hand side show the LSP-NLSP mass difference in green contour, and the
lightest neutral Higgs boson mass in black lines.
18
Boltzmann suppressed by a larger mass difference and
neutralino annihilation becomes dominant. However, it
has a lower cross section, such that the relic density be-
comes too big.
To conclude our analysis of scenario I, on the right
plot in Fig. 13 we show WMAP preferred regions in the
(Tt,M1) plane. Again, a clear separation of the two
bands is visible, together with the small dependence on
the trilinear coupling parameter Tt (as already discussed
for Fig. 11). In different green colors, the mass difference
between the lightest and next-to-lightest supersymmetric
particle is depicted supporting the claim that the cosmo-
logically favored region follows a contour of a constant
mass difference around 40 − 45 GeV. The solid black
lines show the mass of the lightest Higgs boson in the
selected parameter space. One can see that the whole
WMAP favored region in this plot lies within the recent
Higgs mass limit 125.2 GeV±0.9 GeV as reported in [29].
It is also interesting to note that the cosmological con-
straints from WMAP are at the moment more stringent
than the current bounds on a Higgs-like particle.
Let us now focus on scenario II, which differs in sev-
eral crucial features from the previously analyzed sce-
nario I. One example is that the total co-annihilation
cross section has two dominating contributions from co-
annihilation into the lightest Higgs and into the Z-boson.
In Fig. 12 we show separately the effect of SUSY-QCD
corrections to each of the two dominant processes as a
function of the parameters Mq˜3 and Tt. One can see
distinctly different effects higher order corrections have
on each process. As in scenario I, large corrections to
co-annihilation into the lightest Higgs bosons lead to a
change of up to 6% in the relic density even though its
relative importance in the total cross section dropped to
24% compared to scenario I. On the other hand correc-
tions to co-annihilation into the Z-boson are small (see
Fig. 10) and also differ in sign. This leads to a reduction
of the impact of SUSY-QCD corrections on the relic den-
sity in scenario II. The consequences can be seen in the
second row of Fig. 13. One sees that due to the smaller
correction of about 5-6%, the two bands corresponding
to the original micrOMEGAs relic density (orange) and
the one obtained including our SUSY-QCD corrections
(blue) overlap.
Scenario II is different from the others also in that
the preferred WMAP region lies outside of the area with
maximal co-annihilation fraction. This is a direct conse-
quence of the importance of the co-annihilation into the
Z-boson which has a smaller cross section and so in total
co-annihilation is not efficient enough to bring the relic
density down to the level measured by WMAP (the al-
lowed region receives sizable contributions from the stop
annihilations).
In contrast to other scenarios, in scenario II co-
annihilation dominate in a region where the mass dif-
ference between the stop and the lightest neutralino is
larger (about 70 GeV). This can be traced back to the
masses of the lightest neutralino and the stop, which are
much heavier than in the other two scenarios. As a result
the freeze-out temperature, which is proportional to the
mass of the dark matter particle, is higher. This means
that the same Boltzmann suppression which for scenario
I was obtained for a mass difference 40− 45 GeV, is now
reached for a larger mass splitting of 70 GeV.
In the third scenario, the light CP-even Higgs bo-
son is the dominant contribution to neutralino-stop co-
annihilation and the characteristics of the plots in Fig. 13
are similar to scenario I. As the correction to the top-H0
final states is not as large as for the top-h0 final state
in this example point (see Fig. 10), the overall impact
on the relic density is thus smaller than for scenario I.
A relative correction between 5% to 6% is reached. Nev-
ertheless, a shift from the WMAP favored region cal-
culated by micrOMEGAs to the one calculated with the
one-loop SUSY-QCD corrections is visible. An interest-
ing feature can be observed by comparing the plots in
the second column of Fig. 13 regarding the Higgs mass.
Whereas for scenario I and III the Higgs mass is decreas-
ing with an increasing trilinear coupling parameter, it is
the opposite for scenario II. Analyzing Eq. (2.1), where
the maximal contribution is obtained from a stop mixing
for |Xt| ∼
√
6MSUSY, this effect becomes clear. In sce-
nario II, we find |Xt| <
√
6MSUSY and the Higgs mass
grows with increasing Xt, whereas in the other scenarios
|Xt| >
√
6MSUSY and the Higgs mass decreases as Xt
gets larger. In addition, it is interesting that in compari-
son to the other two scenarios, the preferred region lies in
the band where the mass splitting between the neutralino
and stop is already around 55− 60 GeV.
Studying the three different characteristic scenarios,
we saw that the impact of the one-loop corrections on
the predicted relic density of dark matter can be more
important than the current experimental uncertainty by
the WMAP observations. Therefore it is necessary to
take them into account for a theoretical prediction of the
neutralino relic density.
V. CONCLUSIONS
One of the relevant mechanisms to obtain the observed
relic density of dark matter relies on the presence of co-
annihilation of the dark matter candidate with another
particle which is almost degenerate in mass. We have
studied this situation within the Minimal Supersymmet-
ric Standard Model (MSSM), where the dark matter can-
didate is the lightest of the four neutralinos. More pre-
cisely, we have focused on the case of co-annihilation with
a relatively light stop.
We have demonstrated that the interpretation of a new
boson with a mass of about 126 GeV in terms of the light-
est Higgs boson within the MSSM favors this situation
due to the necessity of an important mass splitting in
the stop sector. This results in general in one relatively
small mass eigenvalue. If this value is close enough to the
neutralino mass, co-annihilations are the dominant anni-
19
hilation channel driving the Boltzmann equation. The
important stop mass splitting is mostly realized if the
trilinear coupling parameter Tt in the stop sector is siz-
able. This in turn increases the relative importance of
the neutralino-stop co-annihilation into a top quark and a
Higgs boson, which is driven by precisely the same trilin-
ear coupling. Other channels, such as co-annihilation into
a top (bottom) quark and a Z (W )-boson are present, but
mostly subdominant.
In order to keep up with the current and future ex-
perimental accuracies, a reduction of the theoretical un-
certainty is necessary. The main source of uncertainty
on the particle physics side comes from the calculation
of the (co-)annihilation cross section, which governs the
Boltzmann equation and thus the prediction of the dark
matter relic density. To this end, we have calculated
the co-annihilation of a neutralino with a stop into final
states containing electroweak gauge or Higgs bosons at
one-loop order in SUSY-QCD. In particular, we have de-
fined a renormalization scheme, which can consistently be
applied to all neutralino annihilation and co-annihilation
processes. Infrared singularities are handled using the
phase-space slicing method. The present work is comple-
mentary to previous publications on radiative corrections
to neutralino pair-annihilation [11–13] or co-annihilation
with a stop into a top quark and a gluon or a bottom
quark and a W -boson [19]. In order to obtain a con-
sistent implementation of all co-annihilation processes,
including the missing case of a gluon final state will be
necessary. This step is, however, postponed to a later
publication.
In summary, the impact of the one-loop corrections on
the predicted relic density of dark matter can be more
important than the current experimental uncertainty by
the WMAP observations. The presented corrections are
therefore essential in predicting the neutralino relic den-
sity for a given parameter point or when extracting SUSY
parameters from cosmological measurements. This will
become even more important when better limits will be
derived from the data of the Planck satellite in a very
near future.
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